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ABSTRACT

Eye-head motion was studied pre-, in- and postflight during
single voluntary head turns. A transient increase in
vestibuloocular reflex (VOR) gain occurred early in flight,
but later trended toward normal. This increased gain was
produced by a relative increase in eye counterrotation
velocity. Asymmetries in gain with right and left turns also
occurred, caused by asymmetries in eye counterrotation
velocities. These findings were remarkably similar to those
from Russian primate studies using gaze fixation targets,

except the human study trended more rapidly toward
normal. These findings differ substantially* from those
measuring VOR gain by head oscillation, in which no
significant changes were found inflight. No visual
disturbances were noted in either test condition or in normal
activities. These head turn studies are the only ones to
date documenting any functional change in VOR in
weightlessness.

INTRODUCTION

The following are results from a portion of the study of
neurological adaptation, performed as a joint investigation
by Johnson Space Center Flight Operations Division and
Medical Sciences Division on STS-4 (1982) through STS-
8 (1983)(1). This portion of the investigation had two goals,
study of abnormal nystagmus and examination of
interaction of eye-head motion. Results of the latter are
reported here.

There are both theoretical and practical reasons to study
eye-head motion in spaceflight. At one time it seemed
possible or even probable that a disturbance in the
interaction of these motions might contribute to or even
cause Space Motion Sickness (SMS)2). In addition,
weightlessness is a unique environment for investigation
of the role of gravitational inputs to ocular control through
otolith organs or somatosensory mechanisms.

The most common way of studying visual-vestibular

interaction is oscillation of the body(3) or head(,s), and
recording and analyzing the resulting eye motions as
affected by the head’s motion. Another is shifting of gaze
and recording the resulting eye-head motion. The first
method has been used several times in US space flight(l,
6, 7, 8, 9, 10), while the Russians have used the second in
humans pre- and postflight(11), during immersion studies(12,
13), and with one(14) and two(15) monkeys in spaceflight.
Target lights were presented to produce change in gaze
fixation and the resulting eye and head motion recorded.

The study described here employed voluntary gaze shifts
without targets with a total of four subjects on STS-5,
7 and 8. Although fixation targets werre not used in this
study, changes in gaze with or without targets involve the
same responses and pathways and the resulting head and
eye motions are similar(16).

BACKGROUND

Eye motions during single head turns follow regular, well
described patterns(17). When a target is presented to cause
a gaze fixation change or the head is turned voluntarily,
the eyes first rotate (initial saccade) in the desired direction
(Figure 1). This is followed by a rotation of the head in
the same direction, which would move the eyes off the
target if an opposing corrective eye motion did not occur.
The eyes therefore counterrotate at a rate which will
maintain foveal fixation on the target until head motion
ceases. These motions are controlled by a number of inputs
including visual target displacement(18) and distance(19), and
cortical commands(16), vestibular inputs both canal(20) and
otolith(20, 21), and cervical inputs(22). Horizontal head turns,

with eye and head motion recorded, have been used to
study all of the above phenomena.

A second purpose of this investigation was an attempt
to elicit inappropriate nystagmus or other abnormalities
of extraocular motion and for this reason fixation targets
were not used. Results of this aspect of the study have
been reported(7).

The results obtained were in general agreement with the
Russian primate flight studies, with a significant increase
in Vestibulo-Ocular Reflex gain (Kyop) early in flight which
trended toward normal as the flight progressed. This change
resulted primarily from a decrease in head velocity.



MATERIALS AND METHODS

The four volunteer subjects for this study were all male
astronauts and experienced jet pilots with no detectable
visual or vestibular defects, ranging in age from 39 to 55
years old.

Details of the apparatus have been described
elsewhere(10). Eye position was recorded by conventional
EOG methodology using 1 cm Ag-AgCl electrodes at the
lateral canthi with nasion ground. Amplification had a
minimum high frequency response of 30 Hz and low
frequency response was either DC, or AC with 0.05 Hz
3 dB point. Calibration was performed by having the subject
look at horizontal LED targets located at 0° and 10° and
20° right and left of center and presented in a pseudo-
random fashion. Head position was recorded with better

than 2% accuracy by a potentiometer coupled to the head
with a cap and chin strap.

Protocol. After performing calibration, the subjects were
instructed to stare straight ahead without visual fixation
and turn the head approximately 20° right, without visual
fixation hold the position for a minimum of 5 seconds
and repeat the process back to center, to the left, and back
to center again. Horizontal EOG and head position were
recorded.

Data were graphically recorded, 100 mm width per
channel and 10 mm/ sec speed on a Brush MF 120 recorder,
and manually reduced for the quantities shown in Figure
1. Typical records are shown in Figure 2.

RESULTS

Records obtained are summarized in Table 1. All values
obtained are given in the Appendix. Technical problems
with potentiometer invalidated head position, head velocity
and Kygpg data inflight on STS-5 and after Mission Day
(MD) 1 on STS-7. Head velocities (Vy,), head amplitudes
(A}), eye counterrotation velocities (V,) and Kyqp for the
STS-8 subject are plotted as a function of flight phase in
Figure 3. Eye saccade amplitudes, velocities and their
percent changes from preflight values are plotted in Figures
4 and 5, and eye counterrotation velocities and percent
changes are plotted in Figure 6. Percent asymmetry in eye
counterrotation velocity between leftward and rightward
head turns for all subjects are plotted in Figure 7.
Asymmetry in head velocity, eye counterrotation velocity
and Kygr in the STS-8 subject are plotted in Figures 8,
9 and 10.

Kyor in the STS-8 subject was significantly increased
on MD 2 primarily through a relative increase in eye
counter-rotation velocity with regard to head velocity, while
amplitude of the head turn was unchanged. A somewhat
smaller increase in Kypgr was also noted in the STS-7
subject on MD 1. There was a general relative decrease
in saccade amplitude and velocity during the first portion
of flight. This was followed by a return to normal or slightly
elevated amplitudes but still reduced velocities for the latter
part of the flight. An asymmetry in Kygr between
rightward and leftward head turns was recorded inflight
on STS-8, which was not present preflight or postflight.
This appears to have been caused by an asymmetry in eye
counterrotation velocity, since no asymmetry in head
velocity was observed.

DISCUSSION

VOR gain* is the quantity of primary concern here, for
with a visual target and an initial saccade adequate to place
the new target on the fovea, any significant deviation of
KvoRr from unity during head turning implies blurring,
loss of target fixation and finally the need for corrective
saccades. In the Russian primate studies, there were large
increases in Kygpr inflight; to ~1.5 in the first primate
on the second mission day, and to 2.0 by day five in the

*It is assumed that the cervico-ocular reflex remains low inflight. A
measurement of this in the subject reported here showed this to be
the case (gain = 0.2).

other two primates, with a later trend toward normal in
both cases. In our study, the largest gain was on MD 2
(with a value of 1.8) and was caused primarily by a relative
increase in eye counterrotation velocity with regard to head
velocity, which agrees with the Russian primate findings.
In this case head rotation velocity was reduced early in
flight but then increased. Under the circumstances of
increased Kygor there was the expected increase in
corrective saccades with the Russian studies. In the absence
of atarget, as in this study, one might not expect corrections,
and in fact they were rarely seen.

The equivalence of studies with and without visual targets
must be considered. Barnes(i6) has studied this extensively,



including building model analogs which closely mimic the
physiological mechanisms. His assumption and the one used
here was that cortical input for voluntary eye movement
was equivalent to a fixation target displacement. A
simplified diagram of his model is shown in Figure 11.
Note that the retinal and cortical inputs are treated
identically. A minor experimental difference, the absence
of corrective saccades, was noted above.

The cause of the increase in VOR gain is not obvious.
Sirota(15) reported on microelectrode recordings from
vestibular nuclei performed during the second primate
flight. They found an increase in rate of firing from
vestibular nuclei associated with the semicircular canals that
were comparable to the gain changes. This would indicate
that increased angular sensitivity occurs at an early stage
of vestibular input, possibly at the level of the hair cells,
for they are known to have efferent fibers.

The increased VOR gain found in this study did not
occur in the same subject at the same time when head
oscillation at approximately 0.3 Hz was used as the
stimulus(10). There are a number of possibilities to explain
this, including vestibular stimulation at different peak
velocity and frequency regimes. Both quantities were lower
in this study than in the head oscillation studies.

Asymmetry between leftward and rightward head turns
was another finding in both human and primate studies.
One primate on the second flight had a difference of 15%
to 209% between left and right Kygr which developed and
persisted inflight. In this study, there was only one recording

(MD 2) in which the gains were significantly different,
amounting to 25%, Figure 10. This asymmetry was caused
by differences in eye counterrotation velocities, with head
velocities remaining symmetric. The primate microelectrode
studies also showed varying asymmetry in the activity of
vestibular nuclei in response to leftward and rightward head
turns(15).

The primates reduced both head amplitudes and
velocities throughout the flight, even with target lights; i.e.,
eye movement was subsitituted for head motion. In the
human subject with valid head position data, the changes
were transient. Head amplitude was unchanged, while head
velocity decreased by 30% on MD 2 but was within normal
limits for the rest of the flight.

In summary, there was a transient increase in VOR gain
in weightlessness during single, voluntary head turns.
Transient asymmetry in eye counterrotation velocity and
Kyor was present early inflight, but these became
essentially normal by the end of the flight. This finding
differs from those of VOR studies using head oscillation
as the stimulus where gain is unchanged. However, since
no complaints of visual abnormalities were present in this
period, it seems unlikely that this change was a significant
contributor to SMS.

Further investigation using this technique should be
made, for this study plus the Russian primate experiments
are the first to document a significant change in visual-
vestibular function in weightlessness.
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Table 1.— Schedule of Records Obtained

Flight/Subject Preflight Inflight (MD) Postflight
Launch minus 2 3 4 S5 6 Recovery plus

STS-5

1 28D, 14D X X -

2 35D, 28D, 14D X 6D
STS-7

3 14D, 0D X X X X 5D
STS-8

4 57D, 42D, 40D X X X 9D

33D, 32D, 14D
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Fig. 1.— Major components of head and eye motions during change in gaze, with derived quantities shown. A, eye saccade amplitude;
Vs eye saccade velocity; Ag, eye counterrotation amplitude; Ve, eye counterrotation velocity; Ap, head amplitude; Vs head velocity;

Ky QR> gsin of vestibulo-ocular reflex. These acronyms are used in subsequent figures.




HEAD POSITION_

Fig. 2.— (A) Record of preflight eye-head motions from STS-8 subject
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Fig. 2.— (B) Record of inflight eye-head motions from STS-7 subject.
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Fig. 3.— Percentage change from preflight means in head and eye counterrotation velocities and Kygg of STS-8 subject.
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Fig. 4.— Eye saccade amplitudes expressed as percent of preflight levels, with actual preflight mean values indicated in the inset.
Numbers 1-4 refer to the four subjects who participated in this study: Subjects 1 and 2 (STS-5), subject 3 (STS-7) and subject
4 (STS-8). This convention is used in subsequent figures.
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Fig. 11.— Barnes’16) model of the mechanism by which central, visual and vestibular afferents
can effect control of saccadic eye movements. i, retinal displacement error (deg); 8, centrally
generated error signal (deg); By, vestibular afferent signal (deg/sec); 8, eye displacement (deg);
T~10 sec; Kp~1; Tp~1 sec; KG~10; Tg~10 sec; =2 to 10 deg/sec; l(s~200 to 300 deg/sec.
A and Kg (nominally constant) are functions of 6y and general brain stem neuronal activity
(arousal). Sy and S are specialized inhibitory junctions which transmit only if their excitatory
inputs are active. Note that central control of gaze, used in this experiment, is treated identically
with retinal error information derived from targets as used in the Russian studies.
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APPENDIX — DATA TABLES AND FIGURES

This section is added to present all unprocessed data.

The following acronyms were used throughout the tables:

A (deg) — Eye saccade amplitude in degrees

Ay, (deg) — Head amplitude in degrees

V. (deg/sec) — Eye counterrotation velocity in degrees/second

Vi (deg/sec) — Head rotation velocity in degrees/second

Kvor — Gain of Vestibulo-ocular reflex, defined as (Ve/ Vp)
V; (deg/sec) — Eye saccade velocity in degrees/second

Detailed description of data reduction is given in the text.

13



Table A-1.— STS-5 Preflight Summary

Subject 1 10/14/82 10/28/82 X Preflight
A, (deg) 56.9 + 3.1 546+ 46 558+ 1.2
A, (deg)* 728t 5.2 7241 3.7 72.6 £0.2
V, (deg/sec) 73.4 £ 11.1 61.1 5.4 673162
V), (deg/sec)* 112.9 +22.3 107.2 + 14.6 110.1 £29
Kvor (Ve/ Vp)* 0.65 0.57 0.61 £ 0.04
V; (deg/sec) 229.8 £37.9 167.5 £ 15.5 198.7 + 31.2

Subject 2 10/7/82 10/14/82 10/28/82 X Preflight
A (deg) 47.01+ 4.0 389142 41.6 £ 3.4 425t24
A, (deg)* 30,025 63.81+9.9 482+ 19 47.31+9.8
V. (deg/sec) 167.9 + 18.1 191.5 £ 459 164.1 + 24.0 1745+ 8.6
Vy, (deg/sec)* 84.31+9.1 3285 +91.8 2357t 21.4 216.2 £71.2
Kyor (Ve/ Vp)* 1.99 0.58 0.70 1.09 £ 0.45
V; (deg/sec) 337.5 £ 30.6 233.1 £ 43.1 2747 £ 26.5 281.8 = 30.3

*These values are considered unreliable due to head pot error.
Table A-2.— STS-5 Summary

Subject 1 Preflight MD 2 MD 4#1 MD 4#2
A, (deg) 558+ 1.2 46.8 27.2 309
Ay, (deg)* 726 0.2 41.8 16.5 36.4
V. (deg/sec) 67.31+6.2 77.3 97.0 60.3
V), (deg/sec)* 110.1 29 58.3 50.0 16.0
Kvor (Ve/ Vi)* 0.61 £0.04 1.33 1.94 3.77
V; (deg/sec) 198.7 £ 31.2 134.1 328.3 177.0

Subject 2 Preflight MD 2 R+6D
A, (deg) 4251+24 28.5 34.5
Ay (deg)* 473198 29.0 39.3
V. (deg/sec) 174.5 £ 8.6 55.6 96.8
V), (deg/sec)* 216.21+71.2 75.7 105.3
Kyor (Ve/ Vi)* 1.09 £+ 0.45 0.73 0.92
V; (deg/sec) 281.8 + 30.3 239.6 320.1

*These values are considered unreliable due to head pot error.
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Table A-3.— STS-7 Preflight Summary

Subject 3 6/4/83 6/18/83 X Preflight
A (deg) 36.5* 4.6 308+ 44 337129
A, (deg) 268165 227%1.2 248 + 2.1
V. (deg/sec) 79.0 £ 9.0 36,3+ 34 57.7 % 15.1
V), (deg/sec) 80.8 + 12.8 33.5+4.2 572t 16.7
Kyvor (Ve/ Vi) 0.98 1.07 1.03 £ 0.05
V, (deg/sec) 2249 1+ 10.2 287.8 + 68.8 256.4 + 31.5
Table A-4.— STS-7 Summary
Subject 3 Preflight MD1 MD 2 MD 3#1 MD 3#2 MD 4 MD 6 R+5D
A, (deg) 337+ 29 21.8 18.6 18.8 31.8 35.8 36.6 18.1
A, (deg) 248121 17.9 30.0* 20.2* 22.6* 17.7* 26.7* 15.4
V, (deg/sec) 57.7 £ 15.1 70.2 49.6 71.6 145.9 97.8 103.9 51.7
V}, (deg/sec) 57.2 1+ 16.7 55.3 85.8* 68.2* 89.0* 69.5* 84.1* 59.8
Kyor (Ve/ V) 1.03 £+ 0.05 1.27 0.58+ 1.05* 1.64* 1.41* 1.24* 0.86
V; (deg/sec) 256.4 + 31.5 253.5 183.6 216.7 298.1 304.4 221.7 223.7

*These values are considered unreliable due to head pot error.

15



Table A-5.-~ STS-8 Preflight Summary

Subject 4 A, (deg) A;, (deg) V, (deg/sec) V}, (deg/sec) Kyor (Ve/ Vi) V, (deg/sec)
7/4/83 242+ 1.7 1.1 £ 1.1 432+5.1 40.7t 5.5 1.06 255.6 £ 13.5
7/19/83 198+ 1.1 122+ 0.8 31.1 + 3.1 306 24 1.02 2929 +£22.2
7/21/83#1 2121+ 0.8 11.8 0.9 39.6 £ 3.3 334126 1.19 321.8 £+ 30.3
7/21/83#2 21.0+0.8 9.9+ 06 38.8+438 30.8+ 3.5 1.26 323.3 1+ 46.0
7/28/88 187104 100+ 0.4 3731+ 23 329+ 1.7 1.13 260.2 + 16.5
7/29/83 19.1 £ 0.6 11.0 £ 0.6 39.0 £ 2.3 339123 1.15 2570+ 11.8
8/16/83 20.5+0.9 13.110.9 37.1 3.2 31.51+3.2 1.18 311.5 £ 26.5
Mean Pre 20.6 + 0.7 11.3+0.4 380+ 14 334+ 1.3 1.14 £ 0.03 288.9 + 11.7

Table A-6.— STS-8 Summary

Subject 4 Preflight MD 2 MD 4 MD 5§ R+9D
A (deg) 20.6 £0.7 17.6 18.2 23.1 18.0
A, (deg) 11.31+0.4 10.8 16.0 8.2 12.9
V, (deg/sec) 380+ 1.4 42.3 40.5 49.9 36.9
V}, (deg/sec) 334+ 13 23.1 30.5 36.5 32.7
Kyvor (Ve/ V) 1.14 £ 0.03 1.83 1.37 1.37 1.13
V; (deg/sec) 2889+ 11.7 137.5 238.0 216.8 286.7

16
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